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ABSTRACT

THE REGULATION OF ENDO-POLYGALACTURONATE
TRANS-ELIMINASE SYNTHESIS IN ERWINIA CAROTOVORA
May, 1978
Jonathan Pierson Hubbard, B.S. , Bethany College, Bethany, W. Virginia
M.S., University of Massachusetts
Ph.D., University of Massachusetts
Directed by:

Professor Mark S. Mount

The level of intracellular endo-polygalacturonate transeliminase

(PGTE) activity in Erwinia carotovora in minimal salts

medium was affected by the available carbon source.

When cells

growing on sodium polypectate were supplemented with glucose, the
level of intracellular PGTE activity decreased.

Exogenously sup¬

plied adenosine 3’,5’-cyclic monophosphate reversed repression of
intracellular PGTE activity if the substrate of the enzyme, sodium
polypectate, was present.

Various analogues of cAMP and other

nucleotide derivatives failed to reverse glucose repression of
PGTE activity.

Measurements of intracellular cAMP demonstrated

that a decrease in cAMP could be correlated with glucose repression
of PGTE activity.

As the PGTE activity increases in induced cul¬

tures, the specific concentration of cAMP also increased.
E_. carotovora produces low constitutive levels of PGTE on
a minimal salts-glycerol medium.

Various carbon sources were in¬

vestigated with respect to their ability to induce greater PGTE
synthesis in the bacterium.
sodium polypectate

In both liquid and solid media only

(NaPP) induced synthesis of PGTE.

iv.

When NaPP

was subjected to digestion by PGTE various unsaturated oligogalacturonides were released.
chromatography.

These were separated by Dowex column

Small chain length oligomers of galacturonic acid

consisting of 2,3,4 and 5 galacturonic acid residues could be
identified by virtue of their relative migration on paper chromato¬
graphy and their ratio of free reducing groups to uronic residues.
It was found that both the unsaturated di- and tri-galacturonic
acid residues were more-effective than the native NaPP in inducing
PGTE synthesis.

It may be suggested that constitutively produced

PGTE is responsible for digestion of extracellular NaPP.

Then in

the absence of conditions leading to catabolic repression, these
smaller products interact within the cell to further induce PGTE
synthesis.

v.
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INTRODUCTION

The familiar soft rot disease of fruits and vegetables may
be induced by a number of organisms, including a variety of fungi
and bacteria, all of which may be classed as weak facultative para¬
sites.

This disease is usually characterized by an enzymatic tissue

maceration involving a breakdown of the polymeric constituents of the
plant cell wall and middle lamella.
Members of the genus Erwinia, notable E_.

carotovora and E.

atroseptic are prevalent as the primary causal agents of the soft
rot disease.

The bacteria are gram negative and rod-shaped, pos¬

sessing peritrichous flagella.

They are capable of growth on a

minimal medium supplemented with any one of a number of hexose or
pentose sugars or a variety of longer chain polysaccharides

(15)*

Extensive studies with E_. carotovora have indicated that this
bacterium produces a pectic enzyme which is the primary agent of
plant tissue maceration and cellular death (U5).

Polygalacturonate

trans-eliminase (PGTE) is the only soluble extracellular enzyme
isolated from E_. carotovora (isolate
effect.

lb)

which causes a pathogenic

The primary site of action of the enzyme appears limited

to the cell wall and middle lamella region of,the plant tissue

(31).

It has been concluded that cell death occurs as a result of failing
structural support to the protoplast by the plant cell wall (5,6).
It is possible that Erwinia may exist as a normal part of the
microflora of a plant storage organ or fruit, as a latent infection.
The bacterium may be inoculated and reisolated from macroscopically

2

healthy cucumber tissues
pieces

(20,28,61,62).

(1+2) and has been isolated from potato seed

Erwinia sp. do not appear to overwinter in

soils devoid of plant material, but may survive in the rhizosphere
of certain plants and in plant debris

(17)»

The factors integral to regulation of PGTE synthesis in E_.
carotovora have not been clearly defined.

It has however, been

realized for a number of years that control systems such as catabolite repression may play a role in regulation of enzymes related to
pathogenesis in certain host-parasite relationships

(8,9)*

Very little is known regarding physiology of the regulation
of production of PGTE in E_.

carotovora in culture.

It has been the

object of this study to investigate the various cultural parameters
and cellular functions which might relate to production of PGTE
by E. carotovora.

3

LITERATURE REVIEW

Pectic Materials and Cell Wall Structure.

Pectic substances

comprise a group of readily extracted polymers composed of alpha
(l,U) linked D-galacturonic acid residues.

They may be extracted

from the cell vail and middle lamella regions with dilute acid,
hot water, or a chelating agent, yielding a fairly homogenous material
(29).

Classically, pectic materials have been defined on the basis

of their physical characteristics which are a function of chain
length and degree of methyl esterification.

Pectins have a greauer

degree of methyl esterification than do pectic acids

(or polygalac-

turonic acid).
Although pectic materials, as they are extracted from plant
materials, may appear to be somewhat homogenous in nature, they
apparently are a great deal more complex in their native state.
Divalent ions such as calcium may link adjacent polymer chains,
with cross linkages occurring at the Cg position of the galacturonic
acid residues, giving pectins a more or less insoluble character.
The polymer backbone is also interrupted with covalently linked
side chains, consisting of a-1,2 linked rhamnopyranose and the
neutral sugar polymers alpha-1,3 and alpha 1,5 linked arabinofuranose and 8 1,U linked D-galactopyranose (36,78).
Recent evidence from cultured sycamore callus

(78) indicates

that covalent linkages occur between the pectic polymer chains as
well as between the neutral sugar side chains and the hemicellulosic
xyloglucans.

The latter are, in turn, hydrogen bonded to cellulose

h

fibrils.

Furthermore, a vail glycoprotein appears to oe covalently

linked to the pectic fraction via the arabinogalactan side chains.
Thus pectin fills its classically described role as the cementing
substance of the cell vail.
Other cell vail components include the hemicelluloses and the
celluloses.

The hemicelluloses are a heterogenous group of polymers

composed mainly of xyloglucans and xylans vhich may hydrogen bond
the cellulose.

Cellulose in the cell vail is a microfibrillar

material composed mainly of

$-1,^ linked D-glycopyranose.

Plant

cell vail structure has been more extensively discussed in a number
of recent revievs

(7,8,UU,55)*

Pectic Enzymes.

Recent revievs have discussed vhat is knovn

concerning the nature of enzymes involved in hydrolysis of side
chains of pectin and other cell vail components as veil as the
occurrence and classification of different pectic enzymes
7l).

(7>8»^5

There are tvo major types of enzymes involved in breakdovn of

the main chain of pectin, the hydrolyases and the trans-eliminases or
lyase type enzymes.

A third type of enzyme acting on pectin, pectin

methylexterase, hydrolyzes the methyl esters at the Cg position of
the uronic acid residues of the pectin chain (39»^1»^3).

This enzyme

is apparently responsible for modification of the pectin chain, thus
making it more accessible to the chain splitting enzymes.
Pectin hydrolyase or polygalacturonase (PG) and polymethylgalacturonase (PMG) release saturated products.

While exo-FG releases

monomeric galacturonic acid from ends of chains endo-PG attacks the
pectin chain at random, yielding longer chain length saturated oligo-

5

galacturonid.es

(25 ,64,69,83).

These enzymes are usually more active

at an acidic pH value and do not require, or may he inhibited by
Ca+2.
Polygalacturonate trans-eliminase (PGTE) or pectate lyase enzymes
break the pectin chain by removal of a proton from C5 of the uronic
acid residue, yielding a product with an unsaturated bond between
C4 and C5 (76).

This group of enzymes is activated by Ca

and has an alkaline pH optimum.

+2

•

10ns

Members of the genus Erwinia appear

to break the pectin chain with lyase type enzymes rather than the
hydrolase type enzymes

(27,45,68).

The major end products of endo-PGTE action on pectic sub¬
strates are unsaturated oligomers of galacturonic acid, ranging
in chain length upwards from two units.

Four isozymes of a pectic

acid lyase have been isolated and characterized from Bacillus polymyxa (51).

An inverse correlation was observed between substrate

uronide chain length and reaction rate.

The Bacillus enzyme attacked

trimers and tetramers of 1,4 galacturonic acid at bond 2, indicating
preference for attack at the bond further from the unsaturated bond.
A PGTE from Xanthomonas campestris

(52) also released di- and tri-

galacturonide products, preferentially attacking central bonds in the
trimer and tetramer molecules.

However, this enzyme would not attack

the bond adjacent to the non-reducing end of the substrate.
A kinetic study (4) of a purified PGTE from Cephalosporium sp.
indicated that, while Vmax remained constant on substrates of differj

ent chain length, the Km decreased with increasing chain length.

This

would suggest, of course, that affinity of the enzyme for shorter chain
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length substrates was less than for longer chain length substrates.
Furthermore, it was found that at a CaCl2 concentration of 0.002 M
enzyme activity was inhibited if substrate concentrations were raised
above 0.001 M, suggesting that the true substrate for the enzyme is
the calcium salt of oligogalacturonic acid.
Erwinia has been shown to produce, in addition to PGTE, an
oligogalacturonide trans-eliminase(OGTE) enzyme which preferentially
attacks short chain uronides, releasing U-deoxy-5-hexoseulose uronic
acid from degradation of unsaturated digalacturonic acid (U8).

The

rate of OGTE attack on galacturonide chains varied inversely with
chain length; attack on polygalacturonic acid was 1/U00 the rate of
attack on digalacturonic acid.

This enzyme was intracellular only,

had a pH optimum of 7.2, and did not require Ca

+?

for maximal activity.

Subsequent catabolism of U-deoxy-5-hexoseulose

(3,38,U7,8U) in

the presence of ATP, produces a phosphorylated derivative which is
then split, yielding pyruvate and triose-3-phosphate, which enters
glycolysis.

Nothing is known regarding regulation of this aspect of

pectate catabolism in Erwinia.
Regulation of Wall Degrading Enzymes.

Plant-cell-wall poly¬

saccharide degrading enzymes are produced by most phytopathogenic
bacteria and fungi as well as many of the saprophytic decay micro¬
organisms.

Factors which influence the formation and excretion of

such enzymes by these microorganisms are integral to the process of
pathogenesis.
The formation of most cell-wall-degrading enzymes appears to be
subject to catabolite repression.

This is a fairly non-specific form

7

of repression, little understood at the molecular level in phyto¬
pathogens, which occurs when a microorganism encounters some more
easily metabolized carbon source.

Thus, high levels of sugars in

plant tissues or accumulation of the product of one polysaccharide
degrading enzyme may inhibit the formation of that particular enzyme
as well as other types of wall degrading enzymes.
A number of studies have indicated that in vivo regulation of
cell wall degrading enzyme synthesis may be one aspect of the hostparasite interaction which affects pathogenesis

(l6,19 »32,3^- »59 >86) •

A repression of polygalacturonase and cellulase was observed in cul¬
tures of Pyrenochaeta terrestris
added to the medium.

(onion pink root) when glucose was

Treatment of seedlings to increase sugar con¬

tent resulted in decreased enzyme production and symptom expression
(.32).

In a similar study, glucose, or the glucose analogue 3-0-methyl

glucose, both of which inhibited accumulation of pectinase in cultures
of Rhizoctonia solani, also inhibited symptom development on 5-day-old
cotton seedlings

(86).

A significant, negative correlation has been

observed between sugar levels in sugar beet and both PGTE accumulation
and the incidence of Phoma storage rot

(l6).

Resistance to Phoma

disappeared when plants were defoliated, a treatment
creased sugar levels in the plant tissues.

leading to de¬

Polygalacturonase pro¬

duction may be decreased by addition of sugars to cultures of Pusarium
oxysporium (59).

Increases in sugar levels also result in a reduction

of symptom expression in infected plants.

Enough evidence has now

accumulated to say that sugar repression of cell wall degrading enzymes
may be an integral factor in plant disease expression.

8

Cell vail degrading enzymes may also be subject to specific
induction, usually as a result of some form of interaction of the
microorganism with the specific substrate of the enzyme.

Poly¬

galacturonase production by Ceratocystis ulmi may be induced by
citris pectin or even more effectively

(50X) by an ethanol in¬

soluble fraction prepared from green elm tvigs

(10).

A sequential

appearance of vail degrading enzymes has been observed in Fusarium
oxysporium (3*0 and Verticillium albo-atrum (19) grovn on tomato
cell vails.

Presumably, a particular enzyme vould not be produced

in quantity until its substrate becomes available.

Induction of

each vail degrading enzyme by V. albo-atrum and F_. oxysporium in
culture could be observed vhen the culture vas fed, by means of a
slov feed device, appropriate quantities of the particular sugar
vhich vas a substrate or monomeric portion of the substrate of that
enzyme.

For example, slov feeding of D-galacturonic acid resulted

in the induction of PGTE and PG.

The same sugar could, hovever,

also act as a non-specific catabolite repressor vhen it exceeded
certain concentrations in the medium.
Production of vail degrading enzymes has also been reported to
be constitutive, but subject to catabolite repression.

Aeromonas

liquefaciens, vhen grovn under conditions in vhich the grovth rate
vas restricted by slov feeding of glucose, glycerol or polygalacturonic
acid, produced up to 500 times more PGTE than vhen grovn under un¬
restricted conditions

(33).

Accumulation of an intermediate of poly¬

galacturonic acid breakdown in- unrestricted cultures presumably resulted
in repression of PGTE synthesis.

PGTE synthesis by Pseudomonas fluore-
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scens has been reported to be both constitutive and non-repressible
(91).

Probably, as such studies are continued, other systems of a

similar nature will be encountered.
PGTE synthesis by E.

carotovora has been variously reported as

being inducible (90,91) or constitutive but subject to catabolite
repression (H9).

Moran and Starr (U9) observed that both intra-

and extracellular levels of PGTE increased during log growth on
soidium polypectate, but not on glycerol.

Growth of the organism

on glucose resulted in a decrease in PGTE activities in cultures.
They concluded that since PGTE was produced at low levels on gly¬
cerol, the enzyme was constitutive.

Enzyme production would be

initiated upon release from strong catabolite repression.

However,

Zucker and Hankin (9l) observed that slow feeding of glucose or
growth on glycerol which should bring about release from catabolite
repression did not result in increased synthesis of PGTE, but that
the enzyme could be induced on sodium polypectate media.

A pre¬

paration of potato tissue or an acetone extract of potato tissue
acted synergistically in association with pectin resulting in greatly
increased levels of PGTE over that observed in cultures grown on
pectin alone.
Adenosine 3f, 5'-cyclic monophosphate and Catabolic Repression.
Little is known regarding induction of PGTE in Erwinia at the mole¬
cular level.

The phenomena of enzyme induction have been examined

carefully and discussed in other systems

(lU,56).

The salient feat¬

ure of the system is a specific repressor molecule which binds to the
operator site of a particular operon blocking transcription.

The

10

inducer binds directly with the operator-repressor complex leveling
to the formation of an inactive inducer-repressor complex, allowing
transcription of that operon to proceed.

This mechanism operates

independently of catabolite repression.
The mechanism of catabolite repression has been elucidated in
a number of microorganisms

(58)*

An integral role of adenosine

3» 55»-cyclic monophosphate (cAMP) is in regulation of transcription
and not in translation of operons subject to catabolite repression.
Exogenously added cAMP overcomes glucose repression of certain
catabolic enzymes in E. coli

(82).

Furthermore, mutants deficient

in cAMP or in the cyclic-nucleotide-binding protein do not form
normal levels of inducible enzymes

(24,60).

Primary evidence con¬

cerning the site and mode of action of cAMP has come from studies
employing cell free systems which indicate that cAMP and a cAMP
binding protein form a complex at the promoter region of the operon
which initiates transcription by facilitating RNA polymerase binding
(57,70).
Although it may have been originally implied that cAMP could be
expected to mediate transcription of catabolically repressed operons
in all prokaryotes this has not been found to be the case

(58,67).

Catabolite repression of synthesis of extracellular protease in
Pseudomonas maltophilia (13) and Pseudomonas lemoignei (77) and toxin
production in Staphylococus aureus
cellular supplement of cAMP.

(89) was not relieved by an extra¬

However, the nucleotide may not be permeable

to these cells; for example, 30 mM cAMP is required to overcome repres¬
sion of amidase synthesis in Pseudomonas aeruginosa (75).

Cyclic AMP

11

levels have been estimated in filtrates of Pseudomonas and found not
to vary as a function of carhon source, although the organism does
possess a phosphodiesterase and a soluble, membrane-associated
cyclase similar to that of E_.

coli

(7^0 •

7t is evident that gen

eralizations concerning the ubiquitous role of cAMP in catabolite
repression should be made with caution, since the findings mentioned
above could reflect a different mechanism of regulation.

12
MATERIALS ARID METHODS

Culture and Growth Conditions.

Erwinia carotovora (Jones)

Holland (isolate EC-1^) used in these experiments was obtained from
Dr. R. Dickey of Cornell University and maintained on Nutrient agar
slants.

An auxotrophic derivative of this strain, requiring threo¬

nine, which was used in a number of experiments, was obtained from
Dr. R. Mortlock of the University of Massachusetts.

All experiments

were carried out in 250 ml cotton plugged side arm flasks , usually
containing no more than 50 ml of liquid media.

Flasks were shaken

on a rotary shaker at 125 oscillations min-^ in a 30 C incubator or
on a shaking water bath at 150 strokes min“^*

Prior to use in any

experiment, the bacteria were maintained for several generations in
a shake culture of minimal salts medium (lU g/l KgHPO^ 5 6 g/l KH2POI+J
2 g/l (.NH^gSOij. and 0.2 g/l MgSO^
sodium polypectate (NaPP)

(90) supplemented with 0.5% w/v

(Sigma Chemical Co., Box 11*508* St. Louis,

M0).
Catabolite repression of PGTE synthesis was studied in cultures
growing on a minimal salts medium supplemented with 0.5% w/v NaPP
which had been initiated with cells obtained from a similar overnight
culture.
synthesis.

These cultures were considered to be fully induced for PGTE
During log phase aliquots of these cultures were placed in

flasks containing a sufficient amount of a second carbon source to
make a final concentration of 0.5% (w/v).
as a control.

In this manner the sugars,

One aliquot was retained
a-lactose, L-arabinose, D-

mannose, D-galactose, D-glucose, L-rhamnose and D-xylose were studied

13

with respect to their ability to repress formation of PGTE in a fully
induced culture.
Induction of PGTE synthesis on various carbon sources was tested
in log phase cultures growing on a minimal salts medium supplemented
with 0.5%

(w/v) glycerol.

Since glycerol will neither induce nor

repress synthesis of pectic enzymes in E.

carotovora (^9) induction

of enzyme synthesis by a second carbon source could be observed in
such cultures.

Induction of PGTE was thus studied in cultures sup¬

plemented with 0.1% (w/v) and 0.5% (w/v) NaPP, 0.1%' (w/v) of various
unsaturated oligomers of sodium polypectate or 0.5% (w/v) neutral
sugars..
The role played in induction of PGTE synthesis by a release
from strong catabolic repression was studied in cultures of E_.

caro¬

tovora slow-fed glucose by means of diffusion capsules.

These were

constructed according to a design described by S.J. Pirt

(65).

After

boiling in distilled water, dialysis membranes were cut to fit with
a cork borer.

It was found best to use only one membrane on a capsule

since air bubbles tended to form between two membranes.

The rate of

diffusion of glucose into the medium was governed by varying the amount
of glucose within the capsule.

The rate of diffusion was determined

by measuring the accumulation of reducing groups in 100 ml minimal
salts medium by the Nelson Somygi method (53).
In order to study the effect of different rates of diffusion on
PGTE synthesis, 100 ml minimal salts medium was inoculated with 10 ml
from a culture grown overnight on a minimal salts-glycerol (0.5% w/v)
medium.

After starvation for two hours diffusion capsules were added.

lb

A number of carbon sources were screened with respect to their
ability to induce PGTE production on solid media.

Carbon sources

were added at various concentrations to minimal salts agar con¬
taining 0.1* casein in petri plates.

Plates were inoculated with an

inoculating loop from an overnight glycerol culture to the plate.
Plates were incubated at 30 C for 72 hours.

They were then layered

with 5 nil soft agar (0.6*) containing 1% NaPP and 20 US/ml chloram¬
phenicol buffered to pH 8.5 with Tris-HCl buffer containing 10~5 M
CaCl2*

After U8 hours, plates were flooded with hexadecyl trimethyl-

ammoniumbromide to visualize zones of hydrolysis of the NaPP contained
in the soft agar overlay.
Analysis.

Bacterial growth was estimated at intervals by

measuring the 0D at 600 nm of cultures in a B and L- Spectrcnic 20.
The dry weight (yg) per ml of culture fluid was determined by com¬
parison with a previously established standard curve (87).
At selected intervals, when the 0D at 600 nm was determined
either one or two ml samples were removed and centrifuged at 10,000 g
for 10 min in a Sorvall RC2-B centrifuge.

In preparation for assay

of intracellular PGTE pelleted cells were frozen, thawed and resus¬
pended in a corresponding one or two ml volume of 0.5 M Tris-HCl
buffer at pH 8.3*

They were then sonicated for 3 min at 30 W in a

Branson ultrasonifer fitted with a microtip.
by centrifugation as above.

Cell debris was removed

The protein concentration in the cell

sonicate was determined by the method of Lowry et_ al_

(Uo)

with bovine

serum albumin as a standard.
PGTE activity per one ml sample was determined by two methods.
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The thiobarbituric acid assay (TEA) which relies upon the formation
of a red chromogen upon reaction of TBA with the product of periodate
oxidation (2,5*+) was carried out after incubating 0.1 ml of sub¬
strate (1.256 (w/v) sodium polypectate in 0.05 M Tris-HCl buffer,
pH 8.5 containing 10~5 M CaCl2) with 0.1 ml enzyme at 30 C.

Usually

intracellular samples were incubated for 1 hour and extracellular
samples were incubated for 2 hours.

This assay is supposed to be

specific for the unsaturated product of PGTE activity when read au
5U8 nm, but interference from neutral sugars, leading to a color
quenching effect, made this assay unreliable in certain instances.
In those cases where the TBA assay could not be applied, the
formation of unsaturated product was measured by following the in¬
crease in absorbance at 235 nm (2).

PGTE activity was measured

by this assay in a reaction mixture containing one part enzyme and
one part substrate (0.05$ (w/v) polygalacturonic acid (Sigma Chemical
Co.) in 0.05 M Tris-HCl buffer at pH 8.3, containing 1 X 10"5 M CaCl2).
One unit of enzyme activity was determined as that amount of
enzyme resulting in the release of 0.1 yM product per hour.
corresponded to an increase in absorbance of 0.17 at 235 nm.

This
Re¬

lease of 0.01 yM product by 0.1 ml enzyme as measured by the TBA
assay corresponds to a change in 0D of 0.3 at 5*+8 nm.
The role of cyclic nucleotides was investigated in cultures
undergoing glucose repression of PGTE synthesis.

The effect of an

exogenous supplement of various nucleotide derivatives during glucose
repression was studied by adding the nucleotide at the time glucose
was added to cultures previously growing on sodium polypectate as a
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sole carbon source.

Cyclic AMP, ATP, 8-bromo cAMP, 8-methylthio

cAMP, dibutryl cAMP, 5r AMP and adenosine (Sigma Chemical Co.)
were filler sterilized before adding them to the culture to make a
final concentration of 5 mM.
Cyclic Nucleotide Extraction and Assay.

One ml samples were

removed at the same time other samples were removed from cultures
for the PGTE assay.

These samples also were centrifuged at 10,000 g

for 10 min but were immediately fixed and extracted for cyclic nuc¬
leotides in 1 ml of 7% perchloric acid.

Cells were sonicated in

perchloric acid for 3 min as above and protein was pelleted by
centrifuging at 10,000 g for 15 min.

The amount of protein in the

pellet was determined and the supernatant was neutralized with 6
N K0H and frozen.
Prior to assaying for cAMP the KC10^ precipitate was pelleted
and samples were diluted 1:10 with 0.05 M phosphate buffer at pH
6.2.

The concentrations of cyclic AMP in the samples were determined

by a modified radioimmunoassay procedure (30) employing an I^^^ScAMP
antigen and specific antibody, both obtained from Collaborative Re¬
search, 1365 Main Street, Waltham,MA.
An acetylate

0215^.

derivative of the nucleotide was produced in the

samples by adding lU yliter of a 2:1 mixture of triethylamine and
acetic anhydride (Eastman Kodak Co., Rochester, NY.

1^650) to 0.5 ml

of each sample as described by Harper and Brooker (30).

One hundred

yl of appropriately diluted antibody and I^^ScAMP containing 30
mg/ml bovine serum albumin each were added to 100 yl of the diluted
and acetylated sample and the entire reaction mixture was incubated for

IT

20 hr at

h

C.

The antib.ody^anti^en complex was precipitated hy the

addition of 1.6 ml of
at 7500. g for 2Q min.

95%

ethanol and collected by centrifugation

The amount of I125 hound in each unknown

sample was determined by counting in a Searle 1175 Z gamma counter.
The concentration of cAMP in each sample was established by com¬
parison with a standard curve in the range of 0 to 200 femtomoles
CL0-5 moles 1 per sample.

In order to verify authenticity of cAMP

quantified by radioimmunoassay procedure, random samples were di¬
gested for 30 min at 30 C at pE 6.2 with 0.1 unit beef heart cyclic
nucleotide phosphodiesterase
enzyme hydrolyzes

CSigma Chemical Co.l.

5r

.1 ym of cAMP to

One unit of this

AMP in 1 min at 30 C.

Purification of Oligogalacturonides.

Purification of unsaturated

oligogalacturonides was achieved by chromatography on Dowex 1 X 8—200
which had been equilibrated in the formate form C50}.

Typically

IQ grams of NaPP was dissolved in 500 ml of TrisrECl buffer at pE
8.5 containing 10”3 jq Ca Clg.

This was incubated for 12 hours with

10 ml PGTE prepared by ammonium sulfate precipitation from stationary
phase cultures of Eh carotovora.
justment of the pE to

h.O

The reaction was terminated by ad¬

with Dowex 50 X-8 which was subsequently

removed by filtration on Miracloth.

The entire reaction mixture was

then applied to a 2.5 X ^5 cm Dowex 1 X 8-200 formate form column
previously equilibrated with distilled water.

After the sample had

run onto the column it was washed with 125 ml distilled water.

Un-

saturated oligogalacturonides were eluted with a stepwise sodium for¬
mate gradient consisting of:

380 ml of 0.06 M, 380 ml of 0,08 M,

380 ml of o.l M, 230 ml of 0.2 M, 380 ml of 0.3 M,

JoQ

ml of 0.U M,
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of 0.5 M, 500 ml of .6 M, 500 ml of 0.7 M, and 500 ml of 1 M.

Ten ml fractions

(290 drops) were collected and assayed for reducing

groups with the phenol sulfuric acid assay (22).

Peak fractions were

pooled, brought to 75$ saturation with ethanol and precipitation of
oligogalacturonides was achieved by addition of excess strontium
chloride.

The precipitates were collected by centrifugation and re¬

suspended in distilled water.

Dowex 50 X-8 was added in order to

release the free acid.
The chain length of oligogalacturonides that were purified was
determined by two methods.

The ratio of free reducing groups to

uronic acid residues was determined by Nelson’s arsenomolybdate reduc¬
ing group analysis (53) and modified Carbazole reaction (ll) re¬
spectively.

Different chain length oligogalacturonides could also

be recognized by their rate of migration on paper chromatography.
Samples were applied to Whatman #3 paper and allowed to migrate 12
to 16 hours in a solvent system consisting of a ratio of 5 pyridine:
5 ethyl acetate:3 water:1 acetic acid (66).

Spots were detected with

silver nitrate CT9) or the less sensitive acid phthlate (12) spray
reagents.
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RESULTS AND DISCUSSION

Glucose Repression and cAMP.

Glucose repression of intra¬

cellular PGTE activity was studied in samples of cultures growing in
long phase on a minimal salts medium supplemented with 0.5% sodium
polypectate at 30 C.

Under these conditions E.

generation time of approximately 1.8 hr.

carotovora had a

The addition of glucose

to such a culture previously induced for PGTE production resulted in
a decrease in specific activity of PGTE during the next 1.3 gener¬
ations

(Fig. l).

In order to study the effect of an exogenous supply of cAMP
during glucose repression, the nucleotide was supplemented at either
0.5, 1, or 5 mM final concentration to cultures simultaneously with
the addition of glucose.

When cAMP was added at these concentrations

to the cells subjected to glucose repression of PGTE synthesis, the
specific activity of PGTE in the cell extracts increases above the
specific activity levels in the glucose-repressed control (Table l).
When 5 mM cAMP was added during glucose repression, the specific
activity of PGTE was well above that observed in nonrepressed con¬
trols (Table l).

Analogues of cAMP and other adenine derivatives

were ineffective in bringing about reversal of glucose repression
(Table 2).
Reversal of catabolic repression by cAMP, as noted here, has
been reported in association with enzyme systems in other bacterium
(58,82).

For example, cAMP effects a reversal of catabolite repressed

6-galactosidase synthesis in E_.

coli (82).

In agreement with previous
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investigations with other organisms

(58) it was found that only

3',5'-cAMP was effective in causing a reversal of glucose repression
indicating that levels of cAMP may play a specific role during glucose
repression in E_.

carotovora s-s T«ell.

It was also observed that within one generation after cAMP
and glucose were added to induced cultures, a decrease in growth
rate occurred (Fig. 2).

This was correlated with both the concen¬

tration of exogenous cAMP and the corresponding increase in PGTE
activity.

Apparently this decrease in growth rate was not a true

stationary phase because cells eventually began to divide again after
an additional It hr of incubation, presumably when cAMP had decreased
to lower levels.
It is not clear as to how an exogenous supply of cAMP may
affect growth of E. carotovora.

One possibility is that a rapid

breakdown of cAMP occurs with a subsequent accumulation of adenosine,
causing an imbalance in the nucleotide pool.

As indicated m Table

2, supplemental adenosine brought about a cessation of growth o^
cultures within 0.75 generations.

Alternately, growth inhibition

may be due to some form of aberrent catabolism (l,2l).
Although, the dynamics of cAMP accumulation have been studied
extensively in E. coli under various conditions resulting in catabolite repression, no fully reasonable hypothesis concerning factors
mediating intracellular accumulation of the nucleotide has been pro¬
posed.

It has been variously suggested that intracellular cAMP levels

might be regulated by an energy dependent excretion of the nucleotide
(72) or a repression of membrane bound adenylate cyclase activity (63).
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Fig. 1.

(A,B).

The association of adenosine 3',5’-cyclic mono¬

phosphate

(cAMP) levels and endo-polygalacturonate trans-

eliminase

(PGTE) activity during glucose repression in

Erwinia carotovora.

Log phase cultures growing on sodium

polypectate were supplemented with glucose at a time de¬
signated as zero generation.

(A) Intracellular cAMP con¬

centrations in a bacterial culture incubated on sodium
polypectate (•-©) and sodium polypectate plus glucose
(A-A).

(B) PGTE activity from cultures growing on sodium

polypectate (•-•) and sodium polypectate plus glucose
The bars represent the percent deviation from the mean
value.

(A-A).

PGTE ACTIVITY(Units/mg Protein)

cAMP(pmoles/mg Protein)
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Fig.

2.

The effect of an exogenous supply of adenosine 3',5fcyclic monophosphate

(cAMP) on growth rate of Erwinia

carotovora during glucose repression.
glucose

Cyclic AMP and

(0.5$) were added (arrow) to log phase cultures

growing on sodium polypectate.

The final concentrations

of supplemented cAMP were 5 mM (o -p ), 1 mM (o-o) and
0.5 mM (A-A).

No deviations in growth rates were ob¬

served between cultures supplemented with glucose (A-A)
or sodium polypectate alone

(•-«).

O.D. (660nm)

2h

TIME (Hours)
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Table 1.

The effect of an exogenous supply of adenosine 3f,5’cyclic monophosphate

(cAMP) during glucose repression

of endo-polygalacturonate trans-eliminase (PGTE) activity
by Erwinia carotovora one and two hours after treatment.

PGTE at 2 hr
% of
units/mg
control
protein

Medium supplemented
with:

PGTE at 1 hr
% of
units/mg
control
protein

Glucose

11.0

55

9.2

33

Glucose + 0.5 mM cAMP.

12.6

63

■ 20.7

74

Glucose + 1 mM cAMP

16.8

84

Glucose + 5 mM cAMP

31.5

148

41.2

147

Control

20

100

20.8

100

23

83

aCultures were supplemented with 0.5» 1? or 5 mM (final concentration)
cAMP simultaneously with the addition of 0.5^ (w/v) glucose to cul¬
tures preincubated on a sodium polypectate minimal salts medium.
Samples were removed for determination of PGTE activity one and two
hours later.

PGTE activity levels are presented as percentages

of the level observed in a culture incubated on sodium polypectate
alone (control).
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Table 2.

Effect of an exogenous supply of analogues of adenosine
3*}5»-cyclic monophosphate

(cAMP) as veil as various

other nucleotide derivatives on glucose repression of
endo-polygalacturonate trans-eliminase (PGTE) activity
by Ervinia carotovora.

61

PGTE activity

PGTE activity

Analogue
units/mg

protein

% of control

100

Control

23

Glucose alone

13.3

58

ATP

13.3

58

8-bromo cAMP

lU.9

65

8-methylthio cAMP

11.9

52

Dibutyryl cAMP

13.1

57

5’ AMP

7.6

33

Adenosine"*3

6.9

30

aGlucose (0*5% w/v) and designated analogues(5 mM) were added simul¬
taneously to a culture groving on sodium polypectate.
Tvo hours
(l.l. generations) later samples were removed and assayed for PGTE
specific activity.
^Cultures to which adenosine was supplemented ceased growing after
0.75 generations.
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Two non-metabolizable glucose analogues, a-methylglucoside
and 2-deoxyglucose have been observed to cause transient repression
of 3-galactosidase synthesis in lac I- mutant E_. coli when supplied
at high concentrations

(8l).

This severe form of repression of

enzyme synthesis occurs during the generation immediately following
addition of a new carbon source to logarimithically growing cultures
(56).

Recent investigations have shown that a repression of adeny¬

late cyclase activity occurs upon interaction of glucose, glucose
analogues or other sugars with their phosphoenol pyruvate phospho-transferase transport system (63).
The glucose analogue a-methylglucoside, when added to cultures
of EC-14 at a final concentration equivalent to either 0.5% or 1%
(w/v) glucose (0.027 or 0.05^- M, respectively), also causes a de¬
crease in PGTE synthesis

(Table 3).

It should be noted that, al¬

though there is a preliminary marked repression of PGTE synthesis
upon addition of a-methylglucoside, the bacteria are evidently
capable of overcoming this repression in that PGTE levels begin to
increase after the initial readings.

A slight decrease in growth

rate was noted in cultures supplemented with the higher concentration
of the analogue.
Various sugars which may be associated with the pectic fraction
of the cell wall also caused a repression of PGTE synthesis when they
were supplemented at 0.5% concentrations to log phase cultures induced
for PGTE synthesis.

None of the sugars tested cause a repression as

severe as that caused by glucose although, at the level tested, they
all do cause marked repression of PGTE synthesis

(see Table U).
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Table 3.

Comparison of the repression of polygalacturonate transeliminase synthesis by D-glucose and glucose analogue,
a-methyl-D-glucopyranoside, in Erwinia carotovora.

Hour

NaPP

NaPP
+
D-glucose

0

188

-

1

345

2

NaPP +
0.027 M
analogue

NaPP +
0.054 M
analogue

-

—

297

301

205

718

232

542

373

1228

142

1500

51*7

aLog phase cultures growing on a minimal salts-sodium polypectate
(NaPP)

(0.05% w/v) medium were supplemented with D-glucose of

a-methyl-D-glucopyranoside to a final concentration of 0.027 M or
0.027 M and 0.054 M, respectively.

One ml samples were removed

and assayed for intracellular PGTE activities after 1,2 and 4
hours.

Specific activity is defined in terms of ymoles product/hr/

mg dry cell weight.
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Table h.

Catabolite repression of polygalacturonate trans-eliminase synthesis in Ervinia carotovora by various carbo¬
hydrates .

0

Hours

NaPPb
control

Ara

Xyl

Lac

Rham

Gal

Man

-

-

0

530

-

-

-

-

2

5U8

^35

U89

81+7

57k

577

51+2

L

839

295

k66

1+20

523

536

51*9

6

912

180

3Tb

113

6k 0

392

392

aThe carbon sources noted were added to make a final concentration
of 0.5% v/v to a culture fully induced for polygalacturonate transeliminase production on a minimal salts medium supplemented with
0.5% v/v sodium polypectate. Results are presented as specific
activity units

(ymoles product/hr/mg dry cell weight).

The following abbreviations are used: NaPP, sodium polypectate;
Ara, L-arabinose; Xyl, D-xylose; Lac, a-lactose; Rham, L-rhamnose;
Gal, D-galactose; Man, D-mannose.
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Although the carbohydrates tested caused repression of PGTE
synthesis, presumably mediated through depressed cellular cAMP levels,
their own catabolism may in fact involve enzymes who synthesis is
enhanced at elevated cellular cAMP levels.

An essential role for

cAMP in regulation of synthesis of enzymes involved in catabolism
of these sugars has been demonstrated in an adenylate cyclase mutant
E. coli

(60).

Such a mutant has been characterized by its pleo-

trophic inability to utilize a number of carbon sources including
lactose, maltose, arabinose, mannitol, and glycerol.

A similar

cAMP-deficient mutant of EC-lU isolated in our laboratory grows on
glucose, but does not utilize D-galactose, D-xylose, L-rhamnose, Draffinose, L-arabinose, a-lactose, glycerol, D-cellobiose and NaPP
(U6).

Growth on these carbon sources could be restored upon addition

of cAMP.

This indicates that cAMP is required to activate a number

of operons in Erwinia related to catabolism of sugars associated
with the cell wall.

Apparently the bacteria possess the ability to

repress PGTE synthesis when they encounter excess levels of any one
of these carbon sources in order to favor the catabolism of a more
easily metabolized sugar.
The mechanism at this level of regulation is not clear, but per¬
haps synthesis of enzymes related to catabolism of these sugars does
not require as high a cellular level of cAMP as is required for
synthesis of PGTE.

A similar situation is found in E. coli where the

rate of 8-galactosidase synthesis is repressed to varying degrees
by different sugars (26).

In this case a close inverse correlation

has been observed between the rate of synthesis of B-galactosidase
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and the intracellular levels of cAMP.
Induction of PGTE Synthesis.
E.

Induction of PGTE synthesis in

carotovora has been reported previously to be constituitive at

a low basal level, but subject to both further induction and strong
catabolic repression (U9).

It was proposed that release from strong

catabolic repression would enable initiation of PGTE synthesis, thus
precluding the necessity for entry of the polymer to the cell.

In

order to further study this possibility two approaches were employed.
Slow feeding of glucose has been demonstrated to cause a re¬
lease from catabolic repression in Aeromonas liquificiens resulting
in PGTE levels comparable with those of cultures grown on polygalacturonate (33).

However, slow feeding of glucose to culture of EC-

14 at rates which resulted in a restriction in growth rate was not
accompanied by an increase in PGTE synthesis

(Table 8).

Further evidence that a release from catabolic repression alone
is insufficient to cause an induction of PGTE synthesis comes from
examination of cultures growing in a minimal-glycerol medium (Fig.

3).

Although such cultures produce a relatively high level of cAMP they
produce only basal levels of PGTE (Fig.

U).

Addition of NaPP to such

a culture results in little significant change in cAMP levels but the
rate of PGTE synthesis increases rapidly during the subsequent gener¬
ations.

If glucose is added simultaneously with NaPP to cultures

grown on a minimal-glycerol medium, cAMP levels decrease and PGTE in¬
duction is repressed.

Thus, it appears that a prerequisite to induction

of PGTE synthesis in E_.
a pectic substrate.

carotovora is interaction of the bacteria with

Elevated cAMP levels are also essential for in-
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Fig.

3.

Induction of polygalacturonate trans-eliminase synthesis
in Erwinia carotovora by sodium polypectate.

Cultures

growing on minimal glycerol medium (A—A.) were supple¬
mented with 0.5% (w/v) sodium polypectate (NaPP)

(□ —p)

or 0.5% (w/v) glucose and 0.5%° (w/v) NaPP

(o—o) at zero generations.
specific activity units

Results are presented as

(units/mg dry cell weight).

PGTE

ACTIVITY

33

0.5

1.0

1.5

GENERATIONS

2.0

25

3^

Fig.

k.

Levels of a adenosine 3’,5'-cyclic monophosphate
during induction of PGTE.

Samples were extracted

and assayed for cAMP levels at the same time samples
were removed and assayed for PGTE activities.

Re¬

sults are in terms of specific concentration of cAMP
(pmoles/mg protein) for the glycerol control
NaPP (o —□ ) and NaPP and glucose

(o—o).

(A—A),
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GENERATIONS
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duction of PGTE synthesis but are not alone sufficient to initiate
PGTE synthesis.
Induction of PGTE synthesis in Eh_ carotovora occurs specifically
in the presence of NaPP.
in plate tests

Various carbon sources were examined both

(Table 5) and in liquid culture (Table 6).

Only in

the presence of NaPP was there any significant increase in cellular
PGTE activity.

The strain of E_.

carotovora used in these studies

was not induced for PGTE production by galacturonic acid which is
somewhat surprising.

Even though galacturonic acid is not a product

of PGTE action on NaPP, it has been shown to induce PGTE production
is Fusarium oxysporium and Verticillium albo-atrum when fed to cul¬
tures of these fungi at certain low rates which would not cause
catabolic repression.
It is not altogether clear how a large polymer such as sodium
polypectate may interact with E.

carotovora to induce PGTE production.

There is a considerable lag between the time when NaPP is added to a
culture of E_. carotovora and the time when a maximal rate of enzyme
production is reached (Fig.

3).

If sodium polypectate itself is an

inducer of PGTE formation then one would expect to observe an immediate
and linear increase in PGTE activity upon addition to a log phase
culture.

A possible explanation for the observed lag in PGTE induction

is a prerequisite for the formation of a smaller molecular weight in¬
ducer from NaPP.

Perhaps constitutively produced PGTE breaks down

small amounts of the NaPP in the medium releasing shorter chain oligogalacturonides which may then enter the bacterial cell to induce PGTE
formation.
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Table 5.

Induction of polygalacturonate trans-eliminase in solid
media by various carbon sources.

Concentration

Gal

Galur

3/

Glu

Rham

Xyl

Ara

Fuc

NaPPc

-

2.5

-

-

3.2

8 (0.1$)

10“3

k

—

-

-

-

2.5

3.0

h.2(.01%)

10-1*

2.5

3.5

3.0

2.0

3.2

3.0

3.0

4.5(.001$)

10-5

2.0

3.0

2.0

2.7

2.0

2.5 •

3.0

10-6

1.5

3.2

2.2

2.2

2.0

3.0

1.0

b1
o

OJ

-

3.0

2.0

2.0

2.5

3.5

2.5

3.5

rH

i
o
1—1

2.5

—

aThe carbon sources mentioned were supplemented to make concentrations
ranging from 10“^ to 10“7 M in media containing 0.1$ w/v casein amino
acids and 1.5% agar in Petri plates.
Plates were inoculated at one
point from a culture grown overnight on a minimal glycerol medium.
After three days incubation at 30 C plates were flooded with a sub¬
strate layer containing 1% w/v NaPP, 0.6% w/v agar, 10“5 m CaCl2 and
20 yg/ml chloramphenicol in 0.05 M tris HC1 buffer at pH 8.5.
After
*+8 hours incubation plates were flooded with 1%> w/v hexadecyitrimethyl
ammoniumbromide.
Results are presented as the diameter in mm of the
zone of hydrolysis of NaPP in the substrate overlay.
Abbreviations used are: Gal, D-galactose; Galur, D-gaiacturonic acid;
Glu, D-glucose; Rham, a-L-rhamnose; Xyl, D-xylose; Ara, L-arabinose;
Fuc, D-fucose; and NaPP, sodium polypectate.
cSodium polypectate was added to medium at concentrations of 0.1$,
0.01$ and 0.001$ w/v.
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Table 6.

Polygalacturonate trans-eliminase production in batch fed
cultures of Erwinia carotovora on various carbon sources.a

Hour

Glyb
control

NaPP

Glu

Gal

Raf

Ara

Cell

Lac

0

76

-

-

-

-

-

-

2

62

175

62

62

70

32

56

b2

h

51

221

32

38

b7

36

3^

28

-

^The carbon sources mentioned were added to make a final concentration
of 0.5% w/v to log phase cultures growing on a minimal salts medium
supplemented with 0.5% w/v glycerol.
time and after 2 and k hours.
activity units

Samples were removed at zero

Results are presented as specific

(pinoles product/hr/mg dry cell weight).

^The following abbreviations are used: Gly, glycerol; NaPP, sodium
polypectate; Glu, D-glucose; Gal, D-galactose; Raf, raffinose;
Ara, L-arabinose; Cell, cellobiose; Lac, ct-lactose.
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Table 7•

The effect of calcium ion concentration during induction
of polygalacturonate trans-eliminase synthesis in Erwinia
carotovora.8

NaPP

Hours

Glycerol
control

NaPP
alone

10"3m
0aCl2

lO^M
CaCl2

io-5:
CaCl

0

23

-

-

-

-

0.5

31

59

21

67

U5

1.5

33

70

51

63

67

2.5

75

83

U6

82.

82

3.5

20

132

113

121

105

^Various concentrations of CaCl2 'were added simultaneously with the
addition of sodium polypectate (NaPP) to a final concentration of
0.5/ w/v to cultures of Erwinia carotovora growing in log phase on
a minimal glycerol medium.

Results are presented as specific activity

units (ymoles product/hr/mg dry cell weight).

Table 8.

Polygalacturonate trans-eliminase activities after slow
feed of glucose and galactose to liquid cultures of
Erwinia carotovora.3.

Hours

30

Glucose
50

10

20

11

-

Galactose

(yg/ml/hr)

(yg/ml/hr)

120

200

-

-

—

62.5

66.6

120

50

18

Ik

—

-

U2.8

aGlucose or galactose was allow-d to enter a minimal salts medium at
specified rates
sules.

(yg/ml/hr) from specially constructed diffusion cap¬

These rates allowed only restricted growth of Erwinia caro¬

tovora which ranged in generation time from U to 11 hours.
are presented as intracellular specific activity units.

Results

4l

Fig.

5.

Elution of unsaturated oligogalacturonides from
Dovex lx-8 (formate form) column.

Unsaturated oligo¬

galacturonides vere eluted from a 2.5 x 45 cm Dovex
lx-8 column in a sodium formate gradient.

Ten ml

fractions vere collected and 100 yl of every second
fraction vas assayed for free or potentially free re¬
ducing groups by the phenol-sulfuric acid assay.
Results are presented as the OD at 4-90 nm.

b2

Fig. 6.

Representation of resolution of unsaturated oligogalacturonides "by paper chromatography.

Samples

from peak fractions eluted from Dowex chromatography
(letters a-d corresponding to unsaturated di, tri,
tetra, and pentagalacturonic acid, respectively)
and galacturonic acid (e) were applied to Whatman

#b paper and developed for 12 to 16 hours in a
solvent system
acetate:

consisting of 5 pyridine:

3 water: 1 acetic acid.

Spots were de¬

tected with silver nitrate spray reagent.
half scale.

5 ethyl

Drawing is

hh

Table 9*

Determination of the chain length of unsaturated
oligogalacturonides by paper chromatography and
comparison of free reducing groups to uronic acid
residues.a

Distance moved
(cm) on paper
chromat0graphy^

COOK/CH0C

R
gal

galacturonic acid

38

digalacturonic acid

16

0.1+2

1.875

trigalacturonic acid

6

0.16

3.1

tetragalacturonic acid

U.5

0.12

U.07

pentagalacturonic acid

3

0.08

—

-

-

Unsaturated oligogalacturonides were prepared from a reaction
mixture containing sodium polypectate and polygalacturonate
trans-eliminase by purification on a Dowex 1-X8 column as dis¬
cussed in the text.
°Paper chromatography of unsaturated oligogalacturonides was
accomplished on Whatman #h paper in a solvent system consisting
of 5-pyridine, 5-ethy^acetate, 3-H2O, and 1-acetic acid as dis¬
cussed in the text,
‘gal is the ratio of the distance moved
by the "unknown” to galacturonic acid.
Estimation of uronic acid residues was determined by carbazole
reaction and free reducing groups by Kelson's method for reducing
sugars.

k6

Since Ca+^ has been found to be a necessary cofactor in PGTE
activity, it seemed likely that if the calcium ion concentration
were increased in the medium a more rapid induction might be observed.
At 10“3 M Ca+^it was observed that calcium delayed induction of PGTE
synthesis

(Table rj), but by 3*5 hr the rates was the same at all

concentrations tested.

In the presence of higher Ca

concentrations

the pectate polymer becomes increasingly cross linked thus becoming
less accessible to enzyme attack.
In an effort to determine if some breakdown product of NaPP
produced by PGTE is responsible for induction of PGTE synthesis,
various sized oligogalacturonides were separated by Dowex column
chromatography (50).
5).

A typical elution profile is presented (rig.

Determination of the chain length of the oligogalacturonides

prepared by column chromatography was made both by a comparison of
the ratio of free reducing groups to uronic acid residues

(Table 8)

and by paper chromatography (Fig. 6).
Preliminary studies of the inducing effect of
digalacturonic acid”

unsaturated

(UDG) and ’’unsaturated tri—galacturonic acid

(UTG) on PGTE synthesis were made in plate tests

(Table 9).

However,

in order to determine of UDG or UTG might interact more rapidly than
NaPP with the bacteria to induce PGTE,UDG and UTG were compared with
NaPP as inducers in liquid culture.

(Fig. 7)

It is evident that

UDG at least causes a more rapid induction of PGTE synthesis than
does NaPP.

It is not clear whether UDG itself acts to induce PGTE

synthesis or if the true inducer is a product or some intermediate of
further catabolism of the UDG produced upon entry into the bacterial

hr

Fig.

7.

Induction of polygalacturonate trans-eliminase
synthesis in Erwinia carotovora by sodium polypectate and unsaturated digalacturonic and trigalacturonic acid.

E. carotovora was grown to log

phase (ODgQQ 0.2) in a minimal salts-glycerol
medium (o—o).

At zero time 10“3 M unsaturated

digalacturonic acid ( □ —Q )9 or unsaturated trigalacturonic acid (A—A) was added to cultures.
Sodium polypectate was added to make a concentration
of 0.1% (w/v)

(•—•).

specific activity units

Results are presented as
(units/mg dry cell weight)

as a function on minutes after addition of the sec¬
ond carbon source.

PGTE ACTIVITY

60
TIME (MIN)

120

cell.

In order to determine this.,

further studies concerning the

binding efficiency of the UDG with a presently hypothetical re¬
pressor molecule would have to be undertaken.
A brief report recently appeared concerning a likely role of
UDG as inducer of PGTE synthesis in E.

carotovora

presented here concur with their findings.

(80).

Results

Similar investigations

have also been conducted among members of the genus Bacillus.
licheniformis produces an a-amylase,

B.

synthesis of which is induced

by various oligosaccharides containing a-1,4, B-1,U and B-1,6 link¬
ages of glucosyl glucose or a-1,6-galactosyl glucose
a-amylase of both B.
(85)

licheniformis

(73)

and B_.

(73).

The

sterothemophilus

is produced maximally on a medium containing maltotetrose.

Other maltodextrans and starch induce a-amylase production in these
organisms to a lesser degree.
Exoemzymes and the Extracellular Nature of PGTE.

Plant cell

wall degrading enzymes are usually considered to be extracellular
with most microorganisms and,

indeed the nature of their substrates

probably requires them to be so.

However, PGTE from E_.

carotovora

apparently has a similar, if not identical, intracellular counter¬
part

(^7).

This intracellular PGTE behaves in a manner similar to

that of the extracellular enzyme throughout purification by ammonium
sulfate precipitation and DEAE cellulose chromatography.

It also

has a similar pH optimum and releases products no smaller than un¬
saturated digalacturonic acid upon degradation of sodium polypectate.
Furthermore, the rate of accumulation of intracellular PGTE is greater
than the rate of accumulation of extracellular PGTE in log phase cul-

50

(^9)*

tures undergoing induction on sodium polypectate

Little is known regarding factors which affect extracellular
accumulation of PGTE.
technical sense

(85).

The enzyme is not extracellular in a
Truly extracellular enzymes are not

considered to have an intracellular counterpart and therefore
should not accumulate in the medium upon cell autolysis at the end
of log phase.

However, if the extracellular enzyme is synthesized

during log growth it would accumulate only in the culture medium.
Certain conditions not commonly duplicated in studies of E_. carotovora may "be essential in release of the enzyme.

For example,

it has been observed that Neurospora crassa produces a cellulase
C23) whose release to the extracellular medium is favored by a
pH of 7.0 or a salt concentration of 100 mM.

Very little cellulase

was excreted if the fungi was induced in a water medium.
A recent review concerned with extracellular enzymes of the
genus Bacillus discusses various aspects concerned with extra¬
cellular enzyme synthesis in prokaryotes

(67).

It was pointed

out that a distinction between extracellular enzymes or exoenzymes
and membrane bound or periplasmic enzymes is indeed difficult to
make.

Membrane bound enzymes would, in assay procedures normally

employed in the study of Erwinia, be indistinguishable from truly
intracellular enzymes.

Membrane bound and periplasmic enzymes may

be readily solubilized by a wash with, water (l8) or a salt solution
(88).

Such enzymes may be released by cells as they reach stationary

phase (18,77)•
Results presented here have been concerned principally with

51

changes in intracellular levels of PGTE.

It was felt that these

measurements were most indicative of changes in the rate of syn¬
thesis of the enzymes as a relatively slow accumulation of the
enzyme is observed during log growth of E_. carotovora (^7).
Further studies of the cellular distribution of PGTE in E_.
carotovora should be useful in determining if the enzyme is truly
extracellular in nature.

It should also be possible to further

compare the intra- and extracellular enzymes produced by Eh

caro¬

tovora since a monospecific antiserum has been prepared against
the extracellular PGTE collected from stationary phase cultures
(31).
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CONCLUSIONS

It has "been demonstrated that cAMP is intimately associ¬
ated with synthesis and intracellular accumulation of PGTE in E_.
carotovora.
and PGTE.

Glucose represses intracellular levels of both cAMP
Reversal of this repression of PGTE synthesis occurs

upon the addition of cAMP to the culture medium.

Furthermore,

it has "been possible to isolate a cAMP-deficient mutant which re¬
quires supplemental cAMP in order to utilize NaPP as a carbon source
or synthesize PGTE.
The strain of E. carotovora investigated produced only min¬
imal, constitutive levels of PGTE on a glycerol medium even though
cellular cAMP levels were relatively high under these conditions.
If sodium polypectate or the unsaturated di- or trigalacturonic
acid released upon digestion of NaPP by PGTE was added to cultures
growing on minimal salts-glycerol medium, a rapid induction of
PGTE synthesis occurred.

Since induction occurred most rapidly

in the presence of unsaturated digalacturonic acid, it is suspected
that this unit may comprise the inducer of PGTE synthesis in Eh
carotovora.
The mechanism by which the unsaturated digalacturonic acid
acts to induce PGTE synthesis is not known.

It may be speculated,

however, that the bacterium contains a repressor protein similar to
the lac repressor of Escherchia coli which binds to the digalacturonic
acid thus neutralizing the formation of an inactive repressor-inducer
complex.
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There is at present no clear appreciation for factors in¬
fluencing extracellular accumulation of PGTE in cultures of E_.
carotovora.

It is puzzling that only minimal levels of PGTE

can be detected in the extracellular medium during induction of
enzyme synthesis since results presented in this report have sug¬
gested that it is most likely that a breakdown product of NaPP is
required to induce synthesis of PGTE.

Perhaps only minimal levels

of "inducer" are necessary to effect induction.

Another possibility

is that PGTE normally resides in the bacterial cell wall of periplasmic membrane and is not released until cell lysis occurs during
stationary phase.

Also, previous investigations

(unpublished data;

have demonstrated that guanosine 3’*5’—cyclic monophosphate may
influence PGTE excretion but not synthesis during log growth.
It is clear that E_. carotovora possesses a sophisticated
system involved in regulation of cellular PGTE levels.

It is not

known, however, how this system operates during pathogenesis.

It

would seem likely that some factors or combination oi factors of
host origin is responsible for influencing PGTE production by the
ubiquitious pathogen.

The most likely factors, of course, are

carbohydrate levels which must be in a state of dynamic flux during
storage of a vegetable commodity.

There is also a possibility that

there may be cAMP levels within the plant that influence the bacter¬
ium.

It is hoped that in light of this report further investigations

will be made which should increase our understanding of the physiology
of the regulation of wall degrading enzymes in phytopathogens.
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